We explore the self-assembly process of colloidal structures immersed in active baths. By considering low-valence particles we numerically investigate the irreversible aggregation dynamics originated by the presence of run-and-tumble swimmers. We observe the formation of long closed chains -vesicles -densely filled by active swimmers. On the one hand the active bath drives the self-assembly of closed colloidal structures, and on the other hand the vesicles formation fosters the self-trapping of swimmers, suggesting new ways both to build structured nanomaterials and to trap microorganisms.
I. INTRODUCTION
When immersed in a suspension of active swimmers, like E.coli bacteria [1] , passive particles and shaped objects experience effective forces of completely different nature with respect to the thermal ones. While the latter just produce a Brownian erratic motion of the passive particles, the active bath has the effect, not only to enhance the particles diffusivity, but also to give rise to new phenomena, originated from the out-of-equilibrium nature of the bath [2, 3] . It has been demonstrated that, when immersed in active solutions, colloidal particles experience effective attraction forces [4] , a Casimir-like effect takes place between parallel plates [5] , opportunely shaped objects can be spontaneously set into the desired motion [6] [7] [8] [9] , polymer chains undergo collapse-expansion dynamics [10] [11] [12] , flexible membranes manifest shape instability [13, 14] , deformable vesicles exhibit shape-shifting and spontaneous migration [15, 16] . Moreover, confining structures and boundaries strongly influence swimmers distribution and accumulation, posing interesting questions about the concept of active pressure [17] [18] [19] [20] [21] [22] . All these findings highlight the active matter capability to interact in a non-trivial way with passive objects, producing new and unusual effects.
Up to now only simple or just assembled objects in active solutions have been considered, such as simple spherical particles, shaped rigid objects, polymeric-like colloidal chains. We want now to investigate the influence of the active bath on the irreversible aggregation process of interacting building blocks. The assembly of colloidal particles has been recently investigated considering intrinsically self-propelled blocks, such as Janus active Brownian particles or shaped active particles [23, 24] . Here, instead, we want to analyze the effect of an active solution on the aggregation process of simple passive objects. In other words we want to answer the question: Is an active bath able to shape matter during its formation and drive the assembling of simple passive building blocks into new complex structures?
The recent advances in colloidal manipulation have allowed to synthesize a huge variety of interacting colloidal objects. For example, coating the surface with DNA molecules, one can obtain colloids which exhibit reversible and controllable attractions and finite valence [25, 26] . We will consider here a system composed by attractive spherical particles immersed in a bath of run-and-tumble swimmers. By considering particles that can form just a limited number k of bonds we will study the aggregation process starting by a uniform distribution of particles in the active solution. We observe the self-assembly of closed colloidal chains of When small open colloidal chains start to form they are bent by pushing bacteria until the random attachment of further particles produces a long enough chain which eventually folds, forming an active cell, i.e. a closed colloidal vesicle densely filled by swimmers. On the contrary, the corresponding assembling process in a thermal bath just produces an ensemble of small clusters composed by few colloidal particles. We then claim that active matter is able to drive the spontaneous formation of complex colloidal structures.
II. THE MODEL
We simulate assembling passive particles immersed in an active bath as follow. We consider N p spherical particles of diameter d (passive system) in a bath of N a swimming bacteria of length l and thickness a (active bath). Each bacterium is represented by a unit vectorê, denoting the swimming direction, and two force-centers along it located at r ±ê l/4 (we consider swimmer aspect ratio a/l = 1/2). Run-and-tumble dynamics are considered for the swimmers: a self-propelling force acts along the directionê and a random reorientation of the swimming direction takes place with a probability per unit time 1/τ run .
The tumble event lasts τ tumble . Excluded volume interactions among swimmers and particles are described by pair-repulsive forces acting between force-centers of different organisms.
Swimmer-particle and particle-particle interactions are designed to have the same stiffness of swimmer-swimmer interaction. This is achieved by considering particles force-centers located a/2 behind the particle surface. The force on i-th micro-organism due to its selfpropulsion and the mechanical interactions is
where f 0 is the self-propulsion force, θ i = 0, 1 respectively in the run and tumble state, index j runs over swimmers, indexes β, γ = 1, 2 run over the swimmers force-centers, index p runs over particles, r
− r p | with r p the particle position vector and f is a repulsive force (truncated Lennard-Jones), f (r) =rf (r) with
for r < a and 0 otherwise. The corresponding torque on i-th swimmer is given by the expression:
where T r is a random torque acting during the tumbling event.
As passive particles we consider short-range attractive colloids. Each particle is considered to have a finite valence k, i.e. a maximum number of bonds allowed. Real attractive colloids, such as DNA-coated particles, have localized sticky points on their surface, resulting in anisotropic interactions between them. However, it has been shown that the bond flexibility can be controlled, for example by choosing different DNA linker lengths in the case of coated colloids [25] . In the present numerical study we assume maximum bond flexibility modeled by isotropic interactions between particles [27] . The total force on p-th passive particle is given by
where the first sum is over particles and the second one over swimmers, r p,q = r q − r p − (d − a)(r q − r p )/|r q − r p |, f is the repulsive force and f bond the attractive one. In order to simulate the assembling process of the building blocks we consider that each passive particle can form at most k bonds with other particles. Initially particles are not-bonded, i.e. c p,q = 0.
As soon as two particles become into contact (their distance is less than a) and none of the two particles has reached the maximum allowed number k of bonds, a bonding force sets in for the rest of the simulation, c p,q = 1. In such a way we simulate the irreversible aggregation process of colloidal particles. The form of the bonding force is chosen to be radial and similar to the steric repulsive force, specularly reflected with respect to d, i.e.
f bond (r) = −rf bond (r) with f bond (r) = f (2a − r) for r > a and 0 otherwise. In the present study we neglect hydrodynamic interactions, following previous similar investigations where their contribution has been demonstrated to have negligible or little effects on the obtained results [4, 6, 7, 28] .
The equations of motion for the swimmers in the low Reynold numbers regime are
, where V and Ω are translational and angular swimmers velocities,
their translational and rotational mobility matrices, F and T the force and torque [30] . The equations of motion for the passive spherical particles are V p = M p F p , where M p is the particles translational mobility.
The equations of motion are numerically integrated for 2 × 10 7 time steps by using the Runge-Kutta method [29] , with time step 5 × 10 −4 (unless differently specified quantities are expressed in internal units: l for length, m || for mobility, f 0 for force; physical units are obtained setting l = 3 µm, m || = 59 µm pN −1 s −1 , f 0 = 0.51 pN, appropriate for E.coli bacteria). We set mobility values for swimmers m ⊥ = 0.87 and k ⊥ = 4.8, obtained assuming a prolate spheroids shape of bacteria [30] , and τ run = 10, τ tumble = 1. We consider spherical particles of diameter d = 1 and mobility value M p = 0.6, appropriate for spherical objects. (ρ p = 6.94 × 10 −3 µm −2 in physical unit).
For comparison we also simulate passive colloidal particles in a thermal bath, considering the particles equations of motion V p = M p F p + η, where F p is given by Eq. (3) without the last term (related to the active bath) and η is a Gaussian white noise which satisfies η α (t) = 0 and η α (t)η β (t ) = δ αβ 2Dδ(t − t ) with α, β = x, y. The equations of motion are numerically integrated for 2 × 10 8 time steps. The diffusion coefficient D = M p k B T is set to the value 1.6×10 −3 (in reduced units), which in physical units corresponds to 0.14 µm 2 /s, appropriate for a colloidal particle of radius 1.5 µm in water at room temperature T = 293.15 K. To elucidate the role of steric repulsion between colloids and swimmers in the ring formation process we also consider the case of dead bacteria, simulating passive colloids immersed in a bath of dead elongated cells, both agitated by thermal fluctuations.
III. RESULTS
We consider N p sticky colloidal particles of low-valence k which are initially uniformly distributed in a square area of length L filled by an active bath of N a swimmers. We analyze the irreversible aggregation dynamics of the particles over time looking at the spatial configurations and structures of colloids and swimmers.
We first consider the case of particles valence k = 2, i.e. each colloidal particle can form at most two bonds with other particles. In Fig.1 have been analyzed [15] . The relevant point here is that such complex structures emerge spontaneously from the simulation and there is not a priori external constraints imposing the system to form closed rings surrounding active swimmers. The formation of these assembled structures is driven by the swimmers itself, which cooperate to induce a self-caging effect.
This process is a direct consequence of the active matter property to accumulate at convex boundaries, where swimmers align their self-propelled direction with the boundary normal and exert a pressure proportional to the local curvature. This pressure, in the case of flexible boundaries, has the effect to increase the boundary curvature and then to further enhance the swimmers accumulation [15] . The curvature-density feedback mechanism produces highcurvature folded chains pushed by groups of swimmers (see Fig.1 To highlight the relevant role of active swimmers in the vesicles formation we have also considered the aggregation process of attractive colloidal particles in a thermal bath. Firstly we have considered the case of purely thermal colloidal particles, in the absence of swimmers.
In Fig.3 (the two panels on the left) we report snapshots of particles configurations obtained in independent simulation runs at long times. One observes, in this case, the formation of small clusters made of few particles and no long closed chains emerge during the simulation.
Occasionally one observes closed chains made of up 10 particles, but the majority of the clusters have length less than 5. The average clusters length at long time is in this case l cl 3. To elucidate the role of excluding volume effects of the swimmers in the vesicles formation we have also simulated colloidal particles immersed in a bath of dead bacteria.
Three typical configurations obtained in the simulations are reported in Fig.3 (right panels) .
No significant differences are observed in the small clusters formation made of few particles with respect to the previous case of absence of bacteria, thus indicating that the relevant ingredient for the large clusters formation is the active nature of the bath. It is worth noting that, by construction, the studied model involves forming closed structures. However, these turn out to be small clusters of few particles in the thermal case, while large vesicles appear in the active solution. We can then claim that the activity of the bath has the effect of inhibiting the formation of many small colloidal clusters and fosters the elongation of the chains until they coalesce into closed rings.
To quantify the cluster formation process we calculate the time-dependence of the fractional number of clusters n cl (t) = N cl (t)/N cl (0), where N cl (t) is the number of clusters at time t.
A cluster is defined as a structure composed by connected particles. At initial time t = 0 the particles are uniformly distributed in the box area and each cluster is composed by a single particle, then N cl (0) = N p . We have n cl = 1 at initial time when all the particles are not-bonded, and n cl = 1/N p when there is a single global structure made of N p particles. In 
